Abstract: Capuramycin and a few semisynthetic derivatives have shown potential as anti-tuberculosis antibiotics. To understand their mechanism of action and structureactivity relationships a 3D-QSAR and molecular docking studies were performed. A set of 52 capuramycin derivatives for the training set and 13 for the validation set was used.
Introduction
The dramatic increase in multidrug resistant (MDR) bacteria is now a global threat to human health [1, 2] . Development of novel compounds with a new mechanism to fight MDR strains is required. Peptidoglycan is a unique feature in bacteria cell walls, without an equivalent in eukaryotes [3] . Enzymes involved in its biosynthesis are ubiquitous and essential to bacterial growth. In particular, translocase I (MraY) [4] , which catalyzes the first membrane step of peptidoglycan biosynthesis [5, 6] , has been little exploited due to its transmembrane location [7] , and it is not the target of any antibiotics in clinical use. The crystal structure of MraY from Aquifex aeolicus (MraYAA) was recently solved at 3.3Å by Chung and colleagues [8] , and several inhibitors of this enzyme are known. These make the discovery of new potent inhibitors possible.
Capuramycin, originally isolated from the culture broth of Streptomyces griseus 446-S3, and its methylated derivative, A-500359A ( Figure 1 ) were found while screening for new antibiotics with translocase-I inhibitory activity. These capuramycin-related compounds include a series of congeners termed A-500359s and the 2-Ocarbamoylated variants A-503083s. Capuramycin and A-500359A inhibit translocase I with IC 50 values of 10 ng/mL (18nM) and 10 ng/mL (17 nM), respectively [9] . The MIC values for capuramycin and A-500359A against Mycobacterium smegmatis SANK75075 are 12.5 and 6.25 mg/mL, respectively. A series of acylated derivatives of capuramycin and analogues having a variety of substituents in place of the azepan-2-one moiety were synthesized and their antimycobacterial activities tested by Sankyo Co., Ltd. [10, 11] . Although narrow in spectrum, bioactivity studies have revealed their potential utility as anti-tuberculosis antibiotics.
Computer-aided drug design has been extensively applied in the area of modern drug discovery [12, 13] . QSAR analysis generates models correlating biological activity and the physicochemical properties of a series of molecules. A validated 3D-QSAR model not only helps understanding the structure-activity relationships, but also provides insight into lead molecules for further development [14] .
Our goal was to perform a 3D-QSAR [15] study to explore the relationship between the structure of capuramycin analogues and their MraY inhibitory activity. The contour maps derived from the models provide an insight into the steric and electrostatic requirements for ligand binding. By molecular docking analyses [16] we sought active site structural features and details of protein-inhibitor interactions to design new potential inhibitors.
Experimental Procedure

Preparation of Receptor Structures and Databases
All work was performed using Discovery Studio 3.5 software (Accelrys, San Diego, CA, USA) on a Dell Precision TM T5500 computer. The crystal structure of MraY (PDB ID 4J72) was downloaded from the RCSB Brookhaven Protein Data Bank [17, 18] .
A total of 65 capuramycin derivatives were used. Their structures and inhibitory activities (measured under similar conditions) are shown in Table 1 [10, 11] . The IC 50 values were converted to pIC 50 ) values and used as dependent variables for 3D-QSAR analysis. The dataset was divided into a training set of 52 compounds (80% of the original data) to derive the models, and a test set of the remaining 13 compounds (20%) to determine the external predictivity of the resulting models, using the Generate Training and Test Data module.
3D-QSAR models
A quantitative structure-activity relationship (QSAR) is one of the most important chemometric applications, giving information useful for the design of new compounds acting on a target [12] . A proper alignment of the structures is critical for obtaining a valid 3D-QSAR [19, 20] . An automatic alignment based on the common structure was performed by Align to Selected Structure. The most active compound (27) with the minimum IC 50 was used as the alignment template. Figure 2A shows the common alignment scaffold while Figure 2B shows the alignment conformations of all training set molecules.
Regression models built from whole-molecular steric and electrostatic fields can be useful for predicting activity and for visualizing favorable and unfavorable and the optimum number of components to be used in the final QSAR models. The cross-validated q 2 indicates the predictive power of the analysis [23]; q 2 > 0.3 indicates the probability of chance correlation is less than 5% [24] . The non-cross-validated PLS analysis of these compounds was repeated with the optimum number of components as determined by the cross-validated analysis [25] . 
Molecular Docking
Computational docking is useful to probe the interaction of a receptor with its ligand and reveal their binding mechanism; it is a module where two or more molecules recognize each other by geometry and energy matching. 
Results and Discussion
3D-QSAR analysis
MFA statistical analysis
The MFA model was constructed using 52 capuramycin derivatives as the training set. This model was used to predict activities of the test set of 13 compounds. The models were generated with 3 optimal components giving a cross-validated q 2 of 0.398, signifying good predictive ability. The calculated activities, predicted activities and residuals in the training and test sets are listed in Figure 3 .
The resulting 3D-QSAR model is statistically significant and reliable, and was used to design novel capuramycin derivatives with improved MraY inhibitory activity.
MFA contour plots
Contour maps provide information on factors affecting compound activity. This is particularly important when designing a new drug by changing the structural features contributing to the interaction between the ligand and the active site. Therefore, it is essential routine in designing and evaluating novel inhibitors.
The analysis contour plots are shown in Figure 4 . In the steric contour map, green regions indicate areas where steric bulk is predicted to enhance the inhibition activity, and yellow indicates regions where bulk is predicted to decrease it. In the electrostatic contour map, blue regions denote areas where electropositive groups are predicted to improve inhibition affinity, while red regions represent areas where electronegative groups are predicted to improve it. Capuramycin was embedded into the maps to illustrate its relationships to the inhibitors' steric and electrostatic properties.
In Figure 4A , yellow regions located near the capuramycin azepan-2-one group indicate that large substituents around this position might decrease the activity. This is supported by the observation that compounds 3 and 10 with large alkyl groups there displayed low activities. The other major yellow contour was found around the nucleoside 2'-OH, implying that large substituents in this position can decrease activity. This may be why acyl/alkoxycarbonyl derivatives 45-65 around the 2'-position showed less potency than compounds without substituents there. A major green contour surrounding the sugar hydroxyl suggests that bulky substituents there could improve the inhibitory potency.
In Figure 4B , the zepan-2-one moiety of capuramycin is embedded in a large red region and the other two red contours were observed around this position, indicating that negatively charged substituents there favored activity.
In support, compound 27 with a phenyl substituent there possessed the highest potency. Interestingly, though compounds 11-21 having phenethyl-type substituents and compounds 22-27 having benzyl-type substituents were all substituted by electronegative groups, they were less potent than phenyl analogues. This may be due to the substituents' steric conformation. In addition, some blue contours favoring positively charged substitution was observed around the nucleoside 2'-OH, suggesting that an electropositive substituent at this position was favored. However, inhibitory activity was related to the size of alkyl chain as well. As the alkyl chain became longer activity decreased, as shown by compounds 49-57.
Docking analysis
The CDOCKER docking algorithm uses the CHARMm family of force fields and offers the advantages of full ligand flexibility (including bonds, angles, and dihedrals) and reasonable computation times [37] . Twenty binding configurations per ligand were obtained, and the configuration with the highest CDOCKER_INTERACTION_ ENERGY was taken as the ligand-receptor interaction, which was then compared manually. The most active compound 27 and capuramycin bound in similar conformations. The end of each entered the deep and narrow catalytic pocket ( Figure 5A ). This is consistent with the 3D-QSAR finding that a bulky group was disfavored there. In Figure 5B we see that each can form hydrogen bonds with Asp 118 , which is the key residue for catalysis. They have the high CDOCKER_INTERACTION_ENERGY of 81.54 and 88.45 kcal/mol respectively, which explains their greater affinities (IC 50 = 12nM, 18nM) than the other derivatives. Although compound 61 with medium potency has the highest -CDOCKER_INTERACTION_ENERGY, there is no precise correlation between this parameter and IC 50 , because experimental IC 50 values depend on a number of events in addition to target inhibition.
Design of new molecules based on 3D-QSAR
Based on the contour maps, the models were used to propose new capuramycin derivatives by substituent modification around the azepan-2-one (Table 2) . Some modifications were also tried at the nucleoside 2'-OH and the sugar hydroxyl. These resulted in new capuramycin analogs with predicted improved activities. The activity may be further enhanced through modification.
Synthesis of S1
All reagents were purchased from commercial suppliers and used as received unless otherwise indicated. Reaction courses were monitored by LC-MS. To a solution of A-503083F (52.5mg, 0.1mmol) in DMF (10ml), DIPEA (39mg, 0.3mmol), EDCI (28.75mg, 0.15mmol) and HOBT (13.5mg, 0.1mmol) were added. After stirring for 30min, o-benzylhydroxylamine (61.5mg, 0.5mmol) was added and the mixture stirred at room temperature overnight, after which the reaction mixture was poured into water (100ml), and extracted with EA (3 × 20ml). The aqueous phase was freeze-dried to obtain the crude reaction mixture. Further purification was performed by HPLC using a C-18 reverse-phase semi-preparative column, affording S1 as a white solid (15mg, 26% 156.9, 150.9, 141.5, 140.4, 134.3, 129.6, 129.5, 129.1, 128.5, 109.9, 102.1, 98.8, 88.6, 81.6, 78.3, 77.5, 75.1, 73.3, 64.5, 61.5 
Antimycobacterial activity
S1 was evaluated for in vitro activity against M. smegmatis MC2 155 and M. tuberculosis H37Rv according to the published method [39] . It had a significantly better MIC (7.7μM) than the parent 3 (60μM) against M. smegmatis MC2 155. It had relatively good anti-TB activity against Mycobacterium tuberculosis H37Rv (15 μM), comparable to 2 (14 μM). 
Conclusions
The 3D-QSAR models presented here are powerful enough to suggest improvement in capuramycin derivatives. By combining 3D-QSAR and molecular docking studies, capuramycin derivatives as MraY inhibitors can be summarized as follows: (1) a bulky and electropositive substitute at the azepan-2-one moiety disfavors activity; (2) small and electropositive substituents at the nucleoside 2'-OH improves bioactivity; (3) bulky substituents at the sugar hydroxyl may improve MraY inhibition. This information was used to design new capuramycin analogs with predicted activities higher than those used to derive the models. The synthetic compound S1 had relatively good anti-TB activity against both M. smegmatis MC2 155 and Mycobacterium tuberculosis H37Rv. Thus, combined 3D-QSAR and docking studies can be used as a guideline to design and predict new and more potent capuramycin analogs for tuberculosis therapy.
